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The quantum efficiency QE of Cu(111) is measured for different impinging light angles with
photon energies just above the work function. We observe that the vectorial photoelectric effect,
an enhancement of the quantum efficiency due to illumination with light with an electric vector
perpendicular to the sample surface, is stronger in the more surface sensitive regime. This can be
explained by a contribution to photoemission due to the variation of the electromagnetic potential
at the surface. The contributions of bulk and surface electrons can then be determined.
Photoemission from metals has been studied for more
than a century both from the experimental and the the-
oretical point of view [1, 2]. Many aspects of this phe-
nomenon are well understood and explained, but oth-
ers, such as quantitative theoretical prediction of relative
peak intensities [3] and total photoemission yield [4], need
further development. Not only is this of theoretical in-
terest, it has practical application in the design of pho-
tocathodes for Free Electron Lasers (FELs) and ultrafast
electron diffraction.
In this letter we show experimental measurements of
the total photoemission quantum efficiency’s QE depen-
dence on the incidence angle θ of the impinging light.
Cu(111) was chosen as a sample due to its robust na-
ture and its well known and experimentally verified band
structure [5–7]: this allows us, through tuning the inci-
dent photon energy hν, to control the relative propor-
tions of surface and bulk electrons emitted. As expected
[8, 9], the three step model [10], which predicts a QE pro-
portional to the absorbed part (1−R(θ)) of the incident
photon energy, needs to be corrected to account for the
more effective emission from the electric-field component
perpendicular to the sample’s surface. Since the intensity
of this behavior, known as the vectorial photoelectric ef-
fect, increases with the surface sensitivity of the emission
process, it is directly related to the well-known surface
photoelectric effect [11–13], due to the variation at the
sample surface of the perpendicular component A⊥ of the
light electromagnetic potential.
The quantum efficiency was measured as a function of
the incidence angle θ of the impinging photons in the
range −63◦ < θ < 57◦ with 5◦ steps (θ = 0◦ indicates
normal incidence) for two different values of the photon
energy hν1 = 5.44 eV and hν2 = 5.74 eV; data are com-
pared to results of Ref. 9, obtained with hν3 = 6.28 eV.
Considering the Cu(111) projected band structure
shown in Fig. 1, with work function φ = 4.94 eV, sur-
face state and bulk band gap bottom binding energies
ESS = 5.35 eV and EBG = 5.8 eV respectively at k‖ = 0,
an estimation of the probed initial states can be made for
FIG. 1: Cu(111) band structure [5–7]. States probed by
photons of energy hν1 = 5.44 eV, hν2 = 5.74 eV and
hν3 = 6.28 eV are highlighted in blue, states probed by hν2
and hν3 are highlighted in violet, states probed by hν3 only
are highlighted in black. hν1, exciting all the surface state
(SS) and only a few bulk states, is the most surface sensitive;
hν3 is more bulk sensitive, probing more bulk bands.
each photon energy. If we assume vacuum free electrons
as the final states of the photoemission process, all the
Shockley surface state and only a small number of bulk
electrons can be excited by the hν1 = 5.44 eV photons
2and are highlighted in blue in Fig. 1. The hν2 = 5.74 eV
photons also probe the violet colored area of the bulk
bands, while light with energy hν3 = 6.28 eV is even
more bulk sensitive, exciting electrons from the black
highlighted states as well as the others. Crystal empty
bands just above the vacuum level have to be considered
as intermediate states in the photoemission process, but
the effects of this step are neglected, since these bands
present no gaps and a uniform density of states in this
region.
The number of excited electrons in a photoemission
process involving an initial state |i〉 and a final state |f〉,
whose momentum matrix element is 〈i|p|f〉 = pif , ex-
cited by an electromagnetic vector potential A, is ex-
pected to be proportional to |A · pif |2. The predicted
total yield, obtained by integrating this quantity over all
the possible |i〉 and |f〉, is supposed to be isotropic for
regular systems like noble metals bulk bands, and pro-
portional to |A|2 inside the sample. As such, in the three
step model [10], the only dependence of the yield on the
incidence light is expected to be the total absorbed en-
ergy. This is proportional to the incident light intensity
and to (1−R(θ)), where R(θ) is the reflectivity calculated
from the Fresnel laws [14].
This prediction is not confirmed by Cu(111) data ob-
tained for p polarized light: a further assumption is nec-
essary. The absorbed energy εp⊥ due to the electromag-
netic potential component A⊥ perpendicular to the sur-
face appears to be more efficient than εs and εp‖ due to
the parallel component A‖. This results in a quantum
efficiency dependence on the incidence angle that can be
expressed for s and p polarized light respectively by
QEs(θ)
QE(0)
=
εs(θ)
εs(0)
(1)
and
QEp(θ)
QE(0)
=
εp‖(θ)
εp‖(0)
+ r
εp⊥(θ)
εp‖(0)
. (2)
QE(0) and r are fit parameters; r is used to measure
the ratio between the effectivenesses of perpendicular and
parallel light fields [8, 9].
An amplified Ti:Sapphire laser was used as the light
source in this experiment, providing 150 fs 790 nm pulses
with an average light power of 500 mW at 1 kHz repeti-
tion rate. The output was split into two beams: the first
pumping a parametric amplifier that provided tunabil-
ity in the near infrared, the second undergoing a process
of third harmonic generation obtained with two stages of
sum frequency generation in type I BBO crystals. After a
delay line that provides temporal coincidence, the beams
converge on a third crystal for sum frequency generation
providing the desired wavelengths. The sample total cur-
rent on a picoammeter and the light intensity of a beam
reflection on a calibrated photodiode were measured to
provide the experimental data.
The experiment was performed in an ultrahigh vac-
uum chamber with base pressure 2×10−10 mbar at room
temperature on a Cu(111) crystal polished with cycles of
Ar+ sputtering at 1 keV kinetic energy and annealing
at 750 K. The sample cleanliness was tested online by
acquiring photoemission spectra through a time of flight
analyzer and checking the sharpness of the L gap surface
state and the work function value.
FIG. 2: Quantum efficiency data as a function of the incident
light angle θ for the three different photon energies are fitted
using Eq. 1, 2; the bottom panel shows data from Ref. 9.
The red dotted lines represent the prediction for the bulk
contribution, proportional to the absorbed part (1−R(θ)) of
light energy. The top right panel shows the bulk quantum
efficiency fitted by the Fowler law Eq. 3.
Quantum efficiency data are shown in Fig. 2, compared
to results of Ref. 9 and fitted by Eq. 1, 2 [15]; the obtained
values of the parameter r (r = 49 for hν1 = 5.44 eV,
r = 23 for hν2 = 5.74 eV, r = 10 for hν3 = 6.28 eV) show
that the vectorial effect is stronger when the photoemis-
sion process is more surface sensitive. Since the same
effect is observed on polycrystalline samples on which
surface states are not observed by photoemission spec-
troscopy [9], it can not be explained just by the dipole
selection rules for photoemission from the surface state,
which forbid electrons to be excited by electric fields par-
3allel to the sample surface. An explanation is found in
the surface photoemission effect [11–13]: since entering
a solid of permittivity ε the perpendicular component of
the electromagnetic potential A varies from A⊥/ε to A⊥
in a distance d across the surface, an additional term pro-
portional to |∇ ·A|2 ∼= [(ε− 1)/εd]2|A⊥|2 contributes to
the photoemission process.
We can divide the quantum efficiency for p polarized
light into a bulk contribution proportional to the ab-
sorbed light energy (1 − R(θ)), shown as a dotted red
line in Fig. 2, and a surface contribution calculated sub-
tracting the bulk contribution from the total quantum
efficiency and shown in Fig. 3. In this picture (for the
bulk we hold the fit parameter to r = 1) the residual
value (r − 1) represents the relative efficiency of surface
|∇ ·A|2 and bulk |A · pif |2 contributions.
The amount of probed bulk bands strongly depends on
the wavelength: since a higher photon energy can excite
more varied states, as shown in Fig. 1, the bulk quan-
tum efficiency is expected to vary as the square of the
absorbed excess energy, following the Fowler law [16]
QEBulk(θ)
1−R(θ) =
QEBulk(0)
1−R(0) ∝ (hν − φ)
2, (3)
where the ratio in the left term is independent of the
incidence angle θ. The fit presented in the top right panel
of Fig. 2 shows a good agreement with the law and is not
strongly affected by the band-gap induced asymmetry.
FIG. 3: Surface quantum efficiency data as a function of the
incidence light angle θ for the three different photon energies
are fitted using Eq. 5.
The contribution to quantum efficiency due to elec-
trons excited from the surface state, on the contrary,
does not follow Fowler’s law. Since each of the three
considered photon energies can excite electrons from the
whole Shockley state, higher energy photons don’t have
any other surface state to probe. The surface electron
yield is therefore expected to be proportional to εp⊥(θ),
the absorbed energy due to A⊥; we define the fit param-
eter ρ as the proportionality constant, whose dimensions
are eV−1. Dividing by the number of impinging pho-
tons ni, we can write the surface quantum efficiency for
p polarized light as
QESurface(θ) = ρ
εp⊥(θ)
ni
= ρ
nthν
ni
εp⊥(θ)
εp⊥(θ) + εp‖(θ)
, (4)
where nt is the number of transmitted photons, nthν
and (εp⊥(θ)+εp‖(θ)) are both the total absorbed energy.
Considering that nt/ni = 1 − R(θ), we can fit surface
quantum efficiency data with the formula
QESurface(θ) = ρ(1−R(θ))hν εp⊥(θ)
εp⊥(θ) + εp‖(θ)
, (5)
obtaining for the fit parameters values ρ = 20 eV−1
for hν1 = 5.44 eV, ρ = 25 eV−1 for hν2 = 5.74 eV,
ρ = 18 eV−1 for hν3 = 6.28 eV. The three values are
consistent within a relative error of ±20%.
The Quantum efficiency of Cu(111) was analyzed at
different impinging light angles for several photon en-
ergies with different surface sensitiveness. The observed
vectorial photoelectric effect is stronger when in the more
surface dominated regime: we explain this by breaking
down the photoemission into bulk and surface compo-
nents. The anisotropy of the surface contribution, pro-
portional to ∇ · A, is then due to the variation of the
perpendicular component of the electromagnetic poten-
tial at the surface.
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